The band structure of many semiconducting monolayer transition metal dichalcogenides (TMDs) possesses two degenerate valleys, with equal and opposite Berry curvature. It has been predicted that, when illuminated with circularly polarized light, interband transitions generate an unbalanced non-equilibrium population of electrons and holes in these valleys, resulting in a finite Hall voltage at zero magnetic field when a current flows through the system. This is the so-called valley Hall effect that has recently been observed experimentally. Here, we show that this effect is mediated by photo-generated neutral excitons and charged trions, and not by inter-band transitions generating independent electrons and holes. We further demonstrate an experimental 1 arXiv:1708.06914v2 [cond-mat.mes-hall]
vations have indeed been interpreted in terms of a valley-unbalanced population of independent electrons and holes created by interband transitions. Such an interpretation is however questionable because the great majority of optoelectronic phenomena observed in TMDsincluding the reported VHE-become visible upon illumination with light at the wavelength corresponding to the energy of excitons (X 0 ) or trions(X ± ). This energy is much smaller, by 0.5 eV or more, 9-13 than the energy needed to cause interband transitions so that, under the conditions of the experiment, illumination cannot directly create independent electrons and holes. It follows that the microscopic process responsible for the occurrence of the observed VHE in monolayer TMDs remains to be understood.
This letter is devoted to addressing this question using devices based on monolayer WS 2 and bilayer 3R-MoS 2 crystals lacking inversion symmetry. We start by discussing two microscopic scenarios that explain how the photo-generation of either charged trions or neutral excitons can lead to the occurrence of VHE. The two scenarios can occur at the same time,
and we show that they can be detected and discriminated by mapping the VHE signal as a function of position of the laser spot used to photo-excite the system. We also show that when the wavelength corresponding to exciton and trion energy can be identified experimentally -for instance from a splitting in the photoluminescence (PL) spectra-mapping the Hall voltage at the corresponding wavelength allows the two contributions to the VHE to be identified in a same device.
The simplest way to explain the photo-induced VHE at photon energies far below the threshold for interband transitions is by invoking trions, a scenario that has been recently considered theoretically. 14 Trions are charged excitons that bind an additional electron or hole and that inherit a Berry curvature from the electron/hole band states out of which they are formed. 14 Experimentally, it has been demonstrated that the trion photoluminescence is circular dichroic, 15, 16 implying that the same optical selection rules governing inter-band transitions in TMD monolayers also apply for these quasiparticles. 5, [17] [18] [19] valley polarization is preserved during the splitting process. An electric field of the required strength can be generated by specific charged defects or near the interface with a metal, due to the formation of the Schottky barrier. We anticipate that in our experiments we will rely on the possibility to split exciton at interfaces between TMDs and metal contacts, which has been already demonstrated experimentally in TMDs (see, for instance, Refs. 21,22).
These two distinct microscopic mechanisms responsible for a photo-induced VHE at subgap wavelength are not mutually exclusive and can occur at the same time. It is however possible to discriminate between them in a properly designed device configuration by mapping the spatial dependence of the VHE at different laser wavelengths (i.e., by mapping the Hall voltage as a function of the position of the laser spot used to illuminate the device).
With reference to the device geometry shown in Figure 1a , if the wavelength is tuned to the exciton absorption energy, we expect the Hall signal to be maximum when the laser is focused next to the edge of the current-injecting contact (Figures 1a and 1b It follows from these considerations that -when illumination occurs at the wavelength corresponding to exciton absorption-the profile of the measured Hall voltage as the laser spot position is scanned through the device is similar to the one sketched in Figure 1b : the signal peaks when the laser is focused at the interface with the metal contact and decreases as the laser spot is moved into the TMD layer, away from the contact. The profile asymmetry relative to the center of the Hall probes is a direct manifestation of the need to split the photo-generated excitons to create charged carriers. This behavior is different from what is expected when the laser wavelength is tuned to photo-generate trions (see Figure 1c and 1d). In that case the situation is conceptually simpler, because the photo-induced charged trions directly cause a change in the local conductivity tensor, and the contact used to inject current plays no role. Therefore, for the trion contribution to the VHE we expect the profile of the measured Hall voltage to be similar to the one shown in Figure 1d : the signal is largest when the laser spot is focused in the center of the Hall probes and decays as the laser beam is scanned away on either side. and MoS 2 , for instance, we have succeeded in observing gate induced superconductivity, 27, 28 ambipolar transport of sufficient quality to determine the band gap, 29, 30 and in realizing light emitting transistors. 31 The quality of the devices that we have used for the investigation of the VHE is virtually identical to that of the devices used in these past studies, and we refer to the related publications for all general aspects concerning the device electrical characterization. For the experiments done here, we take advantage of photo-doping -namely the fact that prolonged exposure to visible light creates a stable density of electrons in the layer (see Supporting Information S2)-and operate the devices without applying any gate voltage
A key reason is that the VHE mapping measurements discussed below require the device to be illuminated constantly for prolonged periods of time (typically one hour per map, or more). Therefore, to avoid that photo-doping occurring during the measurement itself causes the device properties to drift, it is essential to perform systematic electrical measurements only after having kept the device illuminated for a day or longer, i.e., enough to reach saturation of photo-doping. This typically results in electron densities n of the or-der of n = 2.5−5·10 12 cm −2 , which enable transport measurements down to low temperature. all data are taken at T = 80 K if not specified otherwise, see section S1 in the Supporting Information). Note that the modulation between two orthogonal linear polarizations (s-p) gives no effect. The data reproduces in WS 2 monolayers the observations made earlier by Mak et al. 8 on MoS 2 . The wavelength at which the phenomenon is observed (Figure 2d) confirms that, contrary to the interpretation given in Ref. 8, the VHE cannot be mediated by inter-band transitions (Figure 2d ).
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Spatially resolved measurements of the VHE (i.e., VHE mapping) were first performed on monolayer WS 2 devices with a considerably larger source-drain separation. As discussed above, the Hall probes are close to one of the contacts, within a distance of approximately the inter-valley relaxation length (see Figure 1e for a schematic representation and Figure   3a for an actual image of one of the devices). The devices are mounted in a cryostat with optical access, under a microscope used to focus the laser, on a piezo-driven stage that enables scanning the device position relative to the fixed laser spot. The same detection technique described above is used in the VHE mapping experiments. Figure 3b shows that upon changing the polarization sequence, the evolution of the bias dependence of the Hall signal exhibits the same behavior as in the uniformly illuminated device (data taken with the laser spot focused at the interface with the drain contact). The spatial map of Hall voltage obtained upon biasing the device with V SD = -1 V is shown in Figure 3c (image taken with λ = 615 nm). Albeit the absolute amplitude of the signal is much smaller than in the shorter channel WS 2 device discussed earlier, it is apparent that the signal is more intense when the laser spot is at the interface with the drain contact (as for the absolute magnitude of the signal, we found a strong dependence on the specific device measured, whose origin is not currently clear). The key aspect of these measurements is summarized in Figure 3d that shows how the spatial profile of the measured Hall voltage decays monotonously as the laser spot is scanned into the WS 2 monolayer, away from the interface with the drain contact. In particular, it is apparent that the spatial dependence is not symmetric relative to the center of the Hall probes, whose position is marked by the red thin line. This is precisely the behavior expected in the case in which the dominant contribution to the VHE is due to valley polarized independent electrons originating from splitting of excitons. Measurements on two additional devices exhibiting the same behavior are shown in the Supporting Information, section S4.
As a consistency check, we also repeated the mapping experiment by modulating the incident light between two linearly polarized orthogonal states. Linearly polarized light induces transitions in the K and -K valley with equal probability and causes no valley imbalance.
Accordingly, this should not lead to the appearance of any Hall voltage. Figure 3e shows that this is indeed the case (the color scale is the same as in Figure 3b ), and the corresponding Hall voltage profile plotted in Figure 3f confirms that V H ≈ 0 V throughout the device.
Besides establishing that the device behaves as expected, these observations are useful to exclude possible spurious effects. For instance, it may be argued that the Hall signal detected upon illumination with circularly polarized light does not originate from the VHE, and that it is just the consequence of the rectification at the contacts used as Hall probes. (i.e., if the Hall voltage that we observe upon illumination with circularly polarized light was due to rectification, we should see essentially the same signal with linearly polarized light).
We now proceed to probing the trion contribution to the VHE, for which we need to tune the laser to match the trion energy. The required wavelength can be determined experimentally if the PL spectrum exhibits a clear splitting between exciton and trion emission. In practice, however, our WS 2 devices do not show such a splitting (see Figure 2d) , as it is also the case for many devices reported in the literature. 33, 34 Therefore, for this experiment we use a device based on a 3R-stacked MoS 2 bilayer, in which the splitting between excitons and trions could be resolved experimentally (see Figure 4a , black curve). 35 Owing to their stacking, 3R TMD multilayers have broken inversion symmetry regardless of the number of layers 36 and are expected to show a large VHE in all cases. This is a crucial difference from the commonly investigated 2H polytype of TMD multilayers, 15 in which the crystal inversion symmetry is strongly broken only in odd multilayers [17] [18] [19] (in even 2H multilayers, inversion symmetry can still be broken -but much more weakly-by the presence of an underlying substrate 37, 38 ).
Prior to recording the spatially resolved maps, we look at the wavelength dependence of the Hall voltage measured when the laser spot is positioned at the interface with the drain contact, and we compare it to the case in which the laser spot is positioned in the center of the Hall probes (see Figure 4b for the device geometry: the green and red dots in the zoomed out image represent the locations at which the laser spot was centered in the two cases). Notably, the spectral dependence of the Hall voltage in the two cases is different (see the green and red curves in Figure 4a ). When the laser spot is located at the interface with the drain contact, the maximum in Hall voltage occurs at shorter wavelength (green curve in Figure 4a ), at a value of λ that coincides with exciton peak position in the PL curve. When the laser spot is located in between the Hall probes, the maximum of the Hall voltage occurs at a longer wavelength (see red curve in Figure 4a ), very close to the value of λ at which the trion peak is seen in the PL spectrum. This difference in the spectral dependence of the measured Hall voltage represents a first indication that the dominant process responsible for the VHE observed in the two cases is indeed distinct (for additional data see the Supporting Information, section S3).
A detailed analysis requires looking at the full maps of the Hall voltage, which we measure first with the laser tuned at a wavelength λ = 665 nm (corresponding to the neutral exciton peak in the PL spectrum), and subsequently at λ = 690 nm (corresponding to the trion peak in the PL spectrum). The measurements show that the two maps are different (see Figure 4c bilayers. In the PL of that device (black curve in Figure 4a ) the B-exciton is visible as a small but distinct peak at λ = 630 nm. The contribution of the B-exciton enhances the magnitude of the VHE, as it is manifested by the shoulder visible at the same wavelength in the spectral dependence of the Hall voltage (green curve in the same figure or Figure S3c in the Supporting Information, where the shoulder is more pronounced). Therefore also in the 3R-MoS 2 bilayer, as in the WS 2 monolayer, the data show that the B-exciton and the Aexciton contribute to the Hall voltage with the same sign (confirming that the phenomenon observed is indeed a valley Hall effect, independent of the spin direction).
5
There remain important aspects of the valley Hall effect that need to be understood. A relevant question, for instance, is why the magnitude of the effect varies by one order of magnitude in different devices. While possibly an important role is played by differences in the strength and type of disorder, and hence in the value of the inter-valley scattering length (which suppresses the valley polarization and hence the magnitude of the measured Hall voltage) and of the exciton recombination length (which crucially determines the magnitude of the valley Hall effect due to exciton splitting), a better understanding would likely help to reveal important aspects of the microscopic electronic processes that take place in TMDs.
Irrespective of these details, we emphasize a conceptual difference between the (indirect) excitonic contribution to the VHE and the direct contributions due to trions,which can be drawn from our work. As we have explained, neutral excitons contribute to the VHE because they mediate the generation of a valley imbalance in the population of majority carriers.
This implies that what is actually measured when looking at the excitonic contribution to the VHE is the effect of the Berry curvature of band electrons. For the trion contribution the situation is different, because it is the trion themselves that contribute to the VHE. The detection of a trion contribution in the experiments, therefore, directly implies that trions in
TMDs possess a non-trivial Berry curvature. 14 Although it had been predicted theoretically, this fact is worth emphasizing explicitly because trions are composite excitations formed by two electrons and a hole (or two holes and one electron), and the experimental detection of the effect of Berry curvature on the dynamics of such a composite quasiparticle had not been reported previously.
